Based on the existing evidence supporting a state of chronic inflammation in chronic kidney disease (CKD), we hypothesized that periodontal infection may affect the systemic inflammatory status of a nationally representative CKD population as measured by serum C-reactive protein (CRP). We examined this hypothesis using the National Health and Nutrition Examination Survey 1988-1994 (NHANES III) dataset including 2303 individuals. We followed the American Academy of Periodontology (AAP)/Centers for Disease Control and Prevention (CDC) case definition for periodontitis. We used a cutoff point of 30% sites with (PD) ≥ 5 mm and (CAL) ≥ 4 mm to define generalized periodontitis cases. We estimated glomerular filtration rate based on cystatin C levels using the relevant equation. Urinary albumin-to-creatinine ratio was calculated in milligrams per gram with a cutoff point of 30 mg/g. CKD was defined based on eGFR < 60 mL/min/1.73m 2 and albuminuria ≥ 30 mg/g. Periodontitis was found in 427 (12.3%) individuals. Of individuals with periodontitis, 41.8% had serum CRP higher than 0.3 mg/dL compared with 27.1% of non-periodontitis and 53.1% of edentulous individuals (p = 0.001 for all comparisons). When the extent of periodontitis was used as one of the independent variables, the parsimonious model showed a strong independent association between extent of periodontitis and serum CRP levels (OR = 2.0, CI95% = 1.2-3.6).
IntrODuctIOn c
hronic kidney disease (CKD) is a worldwide public health problem with rising prevalence and poor outcomes (Levey et al., 2011) . It has been estimated that approximately 25 million in the United States may have CKD (Coreshet al., 2007) . Elevated levels of inflammatory markers such as CRP and IL-6 are known predictors of cardiovascular outcomes in the general population as well as in the CKD population, where they are linked to malnutrition and increased mortality (Stenvinkel, 2001) .
There are several different mechanisms that have been proposed in the literature to explain the high inflammatory status in this population, including the deterioration of renal function, leading to low urinary IL-6 excretion and triggering increased serum cytokine levels (Herbelin et al., 1991) , overproduction of pro-inflammatory cytokines caused by an elevated number of circulating monocytes (Girndt et al., 1998) , increased oxidative stress (Himmelfarb et al., 2002) , the accumulation of advanced glycation endproducts (AGEs) caused by decreased renal clearance (Busch et al., 2010) , which can trigger an inflammatory response (Schwedler et al., 2001) , and the presence of co-morbid factors such as diabetes (Stenvinkel, 2001) .
There is evidence supporting the contribution of periodontitis to systemic inflammation (Ebersole and Cappelli, 2000) . Several possible mechanisms have been suggested, including the locally produced inflammatory mediators that are introduced to systemic circulation as well as bacterial by-products that invade the blood stream, interact with host cells, and trigger inflammatory response (Ebersole and Cappelli, 2000) .
Based on the above evidence supporting a state of chronic inflammation in CKD , we hypothesized that periodontal infection may contribute to the systemic inflammatory burden. This hypothesis was examined for the first time in a large, representative CKD sample of the US population by the National Health and Nutrition Examination Survey 1988 to 1994 (NHANES III).
MAtErIAls & MEthODs study Population
NHANES, a periodic survey conducted by the Centers for Disease Control and Prevention (CDC), provides national estimates of health and nutritional status of the civilian, non-institutionalized population (CDC, 2011) . Individuals participated in interviews conducted at home and in extensive physical examinations, performed at an examination center, which included blood and urine collection. Our study population consisted of CKD individuals who were 21 yrs of age and older, and were dentate (≥ 2 teeth), to apply Periodontitis Predicts Elevated c-reactive Protein levels in chronic Kidney Disease the selected definition for moderate periodontitis. Furthermore, we performed a comparative analysis in a subset of completely edentulous CKD individuals.
Information on age, sex, race, and smoking history was based on self-report during the survey interview. We constructed a binary age variable using a cutoff point of 60 yrs based on risk assessment for CKD (Levey et al., 2011) . Smoking status was determined from the answers to the questions: "Have you smoked at least 100 cigarettes in your life?" and "Do you smoke cigarettes?" Additionally, diabetes was defined based on the answer to the question: "Have you been told by your doctor that you have diabetes?" Glycated hemoglobin was used as an indicator of diabetes control with a cutoff of 7% (ADA, 2011). We constructed a variable for diabetes duration using a previously used cutoff point of 10 yrs (Fisher et al., 2008) . History of cardiovascular disease (CVD) was constructed as a variable derived from the self-reported history of heart attack, stroke, heart failure, and hypertension (Kshirsagar et al., 2008) . Education and income variables were constructed as reported previously (Ioannidou and Swede, 2011) , whereas Body Mass Index (BMI) was calculated as body weight (kgr) divided by squared height (m 2 ) and was stratified into 4 standard categories.
Periodontitis Definition
For NHANES III, the partial mouth periodontal examination (PMPE) was conducted at 2 sites per tooth in 2 randomly chosen quadrants. All third molars were excluded. We followed the American Academy of Periodontology (AAP)/CDC definition for moderate periodontitis and used at least 2 interproximal sites with clinical attachment loss (CAL) ≥ 4 mm not on the same tooth, or at least 2 sites with probing depth (PD) ≥ 5 mm not on the same tooth (Page and Eke, 2007) . Additionally, we constructed a variable representing the extent of periodontitis as a function of the percentage of interproximal sites with (PD) ≥ 5 mm and (CAL) ≥ 4 mm. We used a cutoff point of 30% sites with (PD) ≥ 5 mm and (CAL) ≥ 4 mm to characterize generalized periodontitis cases based on the Consensus Report by the AAP (Lindhe et al., 1999) . As a result, any case with more than 30% sites with (PD) ≥ 5 mm and (CAL) ≥ 4 mm in the 2 examined quadrants was considered a generalized periodontitis case. The non-periodontitis or localized periodontitis group [0%-30% sites with (PD) ≥ 5 mm and (CAL) ≥ 4 mm] was used as the referent group.
Kidney Function
Estimated glomerular filtration rate (eGFR) based on cystatin C levels has been shown to be independent of age and race, contrary to estimated GFR based on serum creatinine levels (Stevens et al., 2008) . Thus, we estimated GFR based on cystatin C levels using the equation: 76.7 × Cystatin C −1.19 (Stevens et al., 2008) . Estimated GFR is reported in mL/min/1.73 m 2 . Urinary albuminto-creatinine ratio (albuminuria) was calculated in milligrams per gram, with a cutoff point of 30 mg/g (Coresh et al., 2007) . We defined CKD based on the recent classification that combined eGFR values < 60 mL/min/1.73 m 2 and albuminuria ≥ 30 mg/g (Levey et al., 2011) .
All eGFR values above 200 mL/min/1.73 m 2 were truncated at that level (Coresh et al., 2007) . All individuals with eGFR < 15 mL/min/1.73 m 2 were excluded, due to likelihood of their being on dialysis or seriously ill with low response rate. Cutoff points for CKD stages followed the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (Levey et al., 2011) .
serum crP levels
We constructed a dichotomous variable representing serum CRP levels with a cutoff point of 0.3 mg/dL based on the current guidelines for CRP predictive value among individuals with a history of CVD (Pearson et al., 2003) .
statistical Analyses
Analyses were performed with Predictive Analytics Software (PASW) Version 18 with Complex Sample Module incorporating sampling weights in the NHANES dataset (Mohadjer et al., 1996) . Categorical variables were tested with the Pearson chisquare test, and continuous variables were tested with the t test for independent samples. We performed binary logistic regression to calculate crude and adjusted Odds Ratios (OR) and 95% Confidence Intervals (CI) for periodontitis among CKD cases. We used a non-automated stepwise regression modeling to assess the association of periodontitis with serum CRP. We added, in sequence, relevant confounders to produce the full model. Any confounder with a p > 0.1 in the Wald F statistics was excluded from the parsimonious model. Four logistic regression analyses were applied in the dentate population: Crude model-unadjusted; Model 1-age, sex, and race; Mode 2-based on previous evidence (Coresh et al., 2007; Kshirsagar et al., 2008) and fully adjusted for age, sex, race, diabetic control and duration, BMI, smoking, antihyperlipidemic medication, antibiotic and antiviral medication, cardiovascular disease history, education, and income; Model 3 (full model)-based on the previous model and CKD status based on reduced eGFR and albuminuria; and Model 4-parsimonious model. P-values of < 0.05 were accepted as statistically significant in all analyses.
rEsults
Of the total NHANES III study population (39,695), there were 2155 individuals who fulfilled the CKD inclusion criteria, having either albuminuria or eGFR < 60 mL/min/1.73 m 2 . The addition of 148 edentulous CKD individuals resulted in a total population of 2303. Descriptive characteristics of the study sample stratified by oral health status are presented in Table 1 .
Among the dentate individuals, 427 (12.3%) were diagnosed with periodontitis. Of these, 24.3% were non-Hispanic Black compared with 14.5% in the non-periodontitis group and 11.7% in the edentulous group. CKD cases with periodontitis had significantly higher prevalence of diabetes, or poor diabetic control for longer time periods (Table 1) . Furthermore, the distribution of the population per CKD stage and presence or absence of albuminuria (Table 1) revealed that most individuals with periodontitis combined reduced eGFR and albuminuria. Of the individuals in the periodontitis group, 41.8% were current smokers, compared with 24.5% of the non-periodontitis and 32.5% of the edentulous individuals (p = 0.001 among groups). Among dentate individuals and in terms of socio-economic status, those with periodontitis showed a trend toward less education, fair-poor health perception, and medium to low income.
Based on the cutoff point of 0.3 mg/dL, 41.8% of individuals with periodontitis had high serum CRP compared with 27.1% of non-periodontitis and 53.1% of edentulous individuals (p = 0.001 for all comparisons).
Of the edentulous individuals, 81.7% were more than 60 yrs old compared with 42.7% and 19.8% of the periodontitis and non-periodontitis individuals, respectively (p = 0.001). Of the edentulous individuals, 68.2% were at CKD stage 1 with albuminuria compared with 46.6% of the periodontitis and 39.1% of the non-periodontitis individuals. Overall, the majority of the edentulous individuals (85.5%) were characterized by albuminuria regardless of the CKD stage (Table 1 ). In the edentulous group, 36.5% had a history of CVD compared with 12.3% of those with periodontitis and 5.5% in the non-periodontitis group (p = 0.001 for all comparisons). Of the edentulous individuals, 21.9% were diabetic, and 56.4% of these had diabetes duration of more than 10 yrs. In terms of SES, 55.7% of the edentulous individuals had fewer than 12 yrs of education, and 76.2% had low income (Table 1) . When periodontitis was used as one of the predictor variables and serum CRP as a dependent variable, the multivariate model 1 revealed a statistically significant association that lost significance in models 2 and 3 (full model) and the parsimonious models (model 4) ( Table 2) .
When the extent of periodontitis was used as one of the predictor variables and serum CRP as a dependent variable, the multivariate models 1 and 2 showed a statistically significant association (Table 2 ). In the full model (model 3), and after CKD status adjustment, extent of periodontitis sustained statistical significance (OR = 2.01, CI95% = 1.04-3.01). As a result of the full model, sex, race, diabetic control, BMI, smoking, and CVD and CKD status remained significant and were included in the parsimonious model ( Table 2 ). The parsimonious model (model 4) showed an independent association between extent of periodontitis and serum CRP levels (OR = 2.03, CI95% = 1.21-3.66).
DIscussIOn
We have produced evidence consistent with our hypothesis that, in individuals with CKD, periodontitis made a significant contribution to the systemic inflammatory burden as measured by serum CRP levels. More importantly, and for the first time, we showed that generalized periodontitis was an independent predictor of elevated serum CRP levels in a nationally representative CKD sample after adjustment for significant confounders including CKD status in the most parsimonious regression model.
When data from edentulous individuals with CKD were analyzed, we showed that this population was characterized by elevated CRP levels, as was previously published (Slade et al., 2000; Fisher et al., 2011) . Although there is a degree of periodontitis contribution to edentulism, the inflammatory burden in the edentulous population cannot be attributed to periodontitis. Elevated CRP levels were well-anticipated due to several CRP risk factors, such as older age, prolonged diabetes, high prevalance of albuminuria, and CVD, as well as low SES, as we and others have demonstrated in this population (Slade et al., 2000) . Therefore, direct association of edentulism with periodontitis would have been a "liberal" assumption, which would have introduced methodology bias to the hypothesis testing.
Previous work has shown that elevated serum levels of IL-6 and CRP were present in individuals with severe periodontal disease (Ebersole and Cappelli, 2000) . Also, our group has reported a dramatic elevation of IL-6 synthesis by cells within the gingival connective tissue in chronic periodontitis lesions of systemically healthy and immunocompromised patients, possibly linked to these systemic effects (Dongari-Bagtzoglou and Ebersole, 1998; Ioannidou et al., 2006) .
Although there is epidemiological evidence supporting the role of periodontitis as a predictor of acute phase response, as measured by serum CRP levels in the general population (Slade et al., 2000; Fisher et al., 2008) , until now this hypothesis was never tested in a nationally representative CKD population based on NHANES III data. Non-traditional risk factors have been supported in a qualitatively and quantitatively different risk relationship with CVD in the CKD population (Sarnak, 2003) . The role of systemic inflammation as a predictor of CVD mortality in individuals with CKD has been well-recognized (Sarnak, 2003) . Given the well-established relationship between CVD and periodontal inflammation (Friedewald et al., 2009) , and our finding in this study of elevated CVD prevalence in individuals with CKD and periodontitis, persistent periodontal inflammation may be another missing link that could explain the tremendous burden of CVD in CKD.
Although our study confirms some of the findings in previously published community-based studies, it also offers several important methodological advancements over previously published work. First, compared with previous studies (Kshirsagar et al., 2005; Fisher et al., 2008) , we used a more recent periodontitis case definition (Page and Eke, 2007) , which has been adopted in official US public health publications on the national prevalence of periodontitis (Dye et al., 2007) . This is important, since we have shown previously that the choice of periodontitis case definition affects associations with renal function (Ioannidou and Swede, 2011) . Second, we estimated GFR based on cystatin C levels, which have been shown to provide more accurate estimates compared with creatinine, which depends heavily on muscle mass, age, sex, and race (Stevens et al., 2008) . To eliminate these additional covariates, cystatin C, a protein that is freely filtered by the glomerulus, has been successfully used for GRF estimation (Stevens et al., 2008) . Furthermore, we defined CKD based on the recent classification that combined eGFR values < 60 mL/min/1.73 m 2 and albuminuria ≥ 30 mg/g (Levey et al., 2011) and offered an improved tool for risk prediction and prognosis assessment in CKD. Finally, we designed full regression models incorporating meaningful combinations of all potential covariates for elevated CRP levels based on existing evidence (Kshirsagar et al., 2008; Upadhyay et al., 2011) .
As with all retrospective database-based studies, the main limitation of our study was the cross-sectional design, which prevented the assessment of temporal or causal relationships. Long-term prospective studies are needed to assess the causality of the association between periodontitis and systemic inflammation in the CKD population. An additional limitation of the NHANES periodontal protocol was the use of partial-mouth periodontal examination, which has been shown to underestimate disease prevalence (Eke et al., 2010) .
On the basis of our previous work (Ioannidou and Swede, 2011) , an estimated 5.8 ± 0.3 million US dentate adults with CKD stages 2-4 have periodontitis, which, if untreated, may significantly affect the inflammatory status of this population. Further interventional studies are needed to test the effect of periodontal treatment on inflammatory status and cardiovascular mortality in the CKD population.
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